Considerable potential exists in the UK for utilising woody biomass, grown under short rotation forestry management systems, to produce electricity or heat. There are benefits to using biomass in generating heat and power the main environmental benefit being from substituting for fossil fuel combustion and consequent carbon emissions. Woody biomass production in short rotation forestry involves growing single stemmed trees rather than coppice over rotations of between 10 and 15 years. Eucalypts are particularly suited to such biomass production as they exhibit relatively high wood density, have suitable chemical characteristics, exhibit low moisture content and can be easily harvested all year around using conventional machinery if single-stemmed growth form is maintained.
In order to reduce greenhouse gas emissions and improve energy security the UK 55 Government has made a commitment to source fifteen percent of the country"s 56 energy from renewable sources by 2020 [1] . The lead scenario in the UK renewable 57 energy strategy suggests that 30% of electricity and 12% of heat could be provided 58 through use of renewable sources of energy. Woody biomass is predicted to provide 59 about 2% of the electricity generated in the UK by 2020 [1] , but it is through the 60 provision of heat that wood fuel is likely to have the greatest impact [2] . 61 62
Thinnings and fellings from present sources and from bringing neglected woodlands 63 back into management is unlikely to provide sufficient wood fuel to support the 64
Government"s aims and the resource is dispersed with variable ease of access and 65 quality. A complementary approach is to develop sources of woody biomass which 66
aim to produce quality fuel and can established close to the biomass demand, 67
reducing both transportation costs and fossil fuel consumption. Previously the focus 68 on woody energy crops in the UK was directed at short rotation coppice (SRC) but 69 the material produced is of low density, high bark content and high moisture content, 70
making it a less than ideal fuel. [3] . A more recent development is short rotation 71 forestry (SRF), where single stemmed trees are grown over a rotation of more than 72 ten years, producing material of between 10 and 20 cm diameter at breast height 73
(dbh) and able to be harvested using conventional forestry machinery [4] . A suite of 74 species is under consideration for short rotation forestry. One genus that has 75 attracted attention is Eucalyptus due to rapid early growth compared with other tree 76 genera [5] and the potential to use singled coppice in subsequent rotations. However, 77 only a few Eucalyptus species are sufficiently cold tolerant to survive and grow well in 78 the UK. This article presents a review of the information on cold-tolerant eucalypts 79 and highlights their potential for commercial cultivation in Great Britain and assesses 80 the potential for using eucalypts as a woody biomass fuel source. 81 82
Eucalypts as a productive wood fuel resource 83 84
To be economic in producing wood fuel, a species should exhibit the following 85 characteristics [ between cold hardiness and growth rates, and also the most cold tolerant species 108 tend to have poor form, which although less important for biomass than for sawn 109 timber will still influence the cost of harvesting, transport and processing. The slower 110
growing, but more cold-tolerant species like E. gunnii have yielded mean annual 111 increments of around 10-15 m 3 ha -1 yr -1 on a 10-12 year rotation across a series of 112 trials in the UK [9] with one report of 25 m 3 ha -1 minimum temperature data to assess site suitability. He asserts that it is rapid cooling 156 following warm periods that presents the main danger to eucalypts. This is 157 supported by the work of Davidson and Reid [36] who have shown that unhardened 158 eucalypts can be killed by relatively mild frosts. In addition Purse and Richardson 159
[10] note that the most damaging situations arise when polar air masses are over the 160 UK, as the resultant prolonged severe cold is capable of killing even hardened, 161 mature eucalypts. The more common occurrence of radiation frosts tend to kill only 162 unhardened, young trees and affect air temperature close to ground level more. Work 163 linking metabolic activity to temperature of eucalypts by Anekonda et al [37] also 164 supports the assertion that, in general, using latitude and altitude and broad climatic 165 characters is useful in matching exotic species or origins to site. However, the 166 authors also note that this does not characterise a climate sufficiently and that 167 temperature fluctuations on a monthly or daily time scale are also important and a 168 more sophisticated approach is needed. Even in areas that are sufficiently warm, 169 care should be taken to avoid frost hollows and soils that are waterlogged, as this 170
reduces the resistance of some eucalypts to frost. A further factor determining the 171 influence of climate is the origin of the planting material used with variation observed 172 in cold tolerance between and within provenances of species such as E. Under future climate scenarios temperatures are predicted to rise across the country 196 with increases of between 1.5 to 3 o C in winter and a higher rise of between 2.5 and 197 more than 4.5 o C in summer for a medium-high emissions scenario by the 2080s. 198
Rises in temperature will generally be greatest in the South East and least in the 199
North change [42] show that while overall mean annual rainfall will stay relatively constant a 239 variation in seasonal precipitation is predicted: in summer, during the growing season 240 rainfall will be reduced, while winter rainfall will increase. This summer rainfall 241
reduction is projected to be particularly pronounced in the south east of the England, 242
with this region only receiving around 40% to 50% of current rainfall by the 2080s for 243 the high emissions scenario or 60 to 80% under the low emissions scenario [42] . 244
Increased summer temperatures coupled with a reduction in rainfall will lead to 245 greater moisture deficits. Figure 2, With interest in eucalypt planting rising, there has been increasing concern regarding 265 potential negative environmental impacts. In 1985 a literature review detailed 266 evidence of impacts by eucalypt plantations on water supply, erosion, availability of 267 nutrients, competition with other vegetation and displacement of ecosystems [50]. 268
However, these impacts related to specific cases and no generalisations could be 269 made. In France, over 1000 ha of generally small-sized plantations have been 270 established in the Mid-Pyrenees of species that are similar to those suited to the 271 climate of Britain [51] . While water use was a concern raised in France, eucalypts 272 use water efficiently but consume more water than some tree species due to their 273 An incentive now supports power generation from biomass crops, including woody 301 ones such as SRF. Recently, it was announced that heat generated from renewable 302 energy would also attract support by 2011, through the Renewable Heat Incentive 303 (RHI) [53] . 304 305
The Woodfuel Strategy for England is aimed at improving the management of the 306 60% of woodland that is neglected in order to provide a supply of forest biomass [2] . 307
In Scotland, a study investigating supply of wood fuel recommended, amongst other 308 things, that trials of short rotation forestry be a priority activity [52] . fossil fuels was calculated in comparison with a "business as usual" scenario, based 327 on current energy use. Matthews and Broadmeadow [58] identified that fast growing 328 woody biomass crops on short rotations, such as eucalypt SRF are an attractive 329 option, especially their relatively low cost of emissions abatement and the short term 330 benefits they yield. It is important to acknowledge the limitations of these analyses: 331 reliable data is available for CO 2 balance of conventional forestry, but there is little or 332 no evidence for hardwoods, including eucalypts, under SRF management in the UK. 333 Kerr [59] lists four areas that make estimating yields imprecise: the shorter rotations, 334 the potential for using "novel" tree species, the intensive silvicultural approach and the 335 type of sites that would be planted under short rotation forestry. Therefore modelled 336 estimates need to be considered as being preliminary, which highlights the need for 337 more underpinning information. The current "best estimates" are from Kerr [59] , using 338 published data, which show that over a ten year rotation, yields of 1.5 to 8.2 odt ha -1 339 y -1 are possible from E. gunnii and 2.5 to 7.6 odt ha -1 y -1 from E. glaucescens. 340 341 342
Conclusions 343 344
The interest in using biomass as a source of energy has provided a catalyst for the 345 re-examination of the potential role of eucalypts in short rotation forestry in Britain. 346
Their high productivity can provide substantial yields of biomass, reduce greenhouse 347 gas emissions from fossil fuel consumption and can also reduce operational fossil 348 fuel use by replacement of more energy intensive forms of land use. Existing trials 349
and small plantations of eucalypts have shown that there are a limited range of 350 species of eucalypts that can survive and thrive in the relatively low temperatures 351 prevalent in the UK. The limited distribution and extent of plantings make detailed 352 matching of species to site currently imperfect. A sensible approach is, therefore, to 353 attempt to identify species and provenances that will perform well over a wide range 354 of sites and avoid areas that are particularly cold, have low rainfall and for most 355 species, have poor drainage. [17, 25] and observations show no decline in growth rates with frost tolerance between provenances [15].
Resistant to waterlogged soils in its natural habitat. Considerable variation in the phenotype of different provenances and sub-species (which is reflected in their frost tolerance [26, 17, 25] ).
Some stands show good form, such as the one planted in 1966 at
Glenbranter and form could be improved through selection of provenance and superior individuals. It will coppice successfully and has been used in short rotation coppice trials where productivity was high [27, 28] .
A light crowned species, allows light to penetrate to the forest floor and results in less impact on ground flora [4] Poor form of many trees, could make transport and processing more costly as a source of biomass. A further disadvantage for this use is a wood that is less dense than some species [11] . Also high moisture content of wood means that it needs a long period of drying of one year for firewood [22] . Evans [15] Gundal clones proved to be less hardy than E. gunnii and were abandoned from planting programmes in France [8] . Another close relative to E. gunnii and similar in its tolerances [22] . However, it has the advantage of being less palatable than E. gunnii and often displaying better form. Some trees of this species planted in the UK would appear to be natural hybrids with E. gunnii [19] . Considered by Neilan and Thompson [11] as one of three species with particular potential across a range of sites in Ireland.
E. delegatensis

Lower productivity than some other eucalypts [11]
Less hardylikely to survive long cold periods of less than -6 o C and shorter ones down to -9 o C Considerable variation in frost tolerance by provenance and individuals within provenance [33] . Fast growing, with those at Kilmun Arboretum being possibly the fastest growing tree in Britain [5] . Widely planted in countries other than Great Britain, so its silviculture is well-understood. If pruned it can provide sawn timber.
Species
Dense crowns shade out ground vegetation which reduced impact of rain and binds soil, so may not be appropriate under certain circumstances, such as where there is potential for soil erosion.
Does not coppice very successfully and known as a shy flower producer, which can make seed supply problematic. A closely related species, Eucalyptus denticulata formerly known as the Errinundra provenance of E. nitens may have potential, as although slower growing [34] it coppices [35] .
